The optimization of radiation protection is an important task in both the design and operation of a nuclear power plant. Although this topic has been considerably investigated for pressurized water reactors, there are very few public reports on it for pebble-bed reactors. This paper proposes a routine that jointly optimizes the system design and radiation protection of High Temperature Reactor-Pebble-Bed Module (HTR-PM) towards the As Low As Reasonably Achievable (ALARA) principle. A systematic framework is also established for the optimization of radiation protection for pebble-bed reactors. Typical calculations for the radiation protection of radioactivity-related systems are presented to quantitatively evaluate the efficiency of the optimization routine, which achieve 23.3%∼90.6% reduction of either dose rate or shielding or both of them. The annual collective doses of different systems are reduced through iterative optimization of the dose rates, designs, maintenance procedures, and work durations and compared against the previous estimates. The comparison demonstrates that the annual collective dose of HTR-PM is reduced from 0.490 man-Sv/a before optimization to 0.445 man-Sv/a after optimization, which complies with the requirements of the Chinese regulatory guide and proves the effectiveness of the proposed routine and framework.
Introduction
Optimization is one of the three basic principles of radiation protection recommended by the International Commission on Radiological Protection (ICRP). Since its first formal introduction in ICRP publication 26 [1] , the concept of optimization of radiation protection was continuously improved and interpreted in a series of successive ICRP publications [1] [2] [3] [4] [5] . A widely used interpretation is as follows: the likelihood of incurring exposures, the number of people exposed, and the magnitude of their individual doses should be kept As Low As Reasonably Achievable (ALARA), taking into account economic and societal factors [5] . In some contexts, the optimization of radiation protection is also known as the ALARA principle.
With respect to a nuclear power plant, there are continuous efforts in the optimization of radiation protection for both design and operation. For those power plants in operation, the radiation dose management has been successively improved following the principle of optimization and has achieved significant dose reduction in the past decades [6] [7] [8] [9] [10] [11] . For recently developed Generation III nuclear reactors, the optimization of radiation protection has been integrated deeply into the design. The European Pressurized Water Reactor (EPR) has established the ALARA principle as one of the main objectives in the design and made a large effort to reduce both individual and collective dose to an acceptable level [12] . Another typical Generation III nuclear reactor, AP1000, takes the advantages of both operating plant experience and advanced techniques to reduce maintenance duration and doses, so as to achieve the optimization of radiation protection [13] .
As one of the potential candidates for the fourthgeneration nuclear reactors, the gas-cooled pebble-bed reactor also emphasizes the optimization of radiation protection. The pioneer 15 MWe AVR experimental high temperature reactor has achieved an average collective dose between 0.5 and 0.6 Sv per year during its 21 years of successful operation [14] , which is considerably low. The 300 MWe thorium high temperature reactor (THTR-300) has continued to optimize its radiation protection during both operation and decommissioning [15] . demonstration power plant, the optimization of radiation protection is not only an important goal in design [16] , but also a licensing requirement demanded by the national nuclear safety administration of China.
However, compared with abundant experiences and reports on the radiation protection optimization of pressurized water reactors (PWR), there are only few reports on that of pebble-bed reactors, and even fewer on a systematic optimization of radiation protection. Given the potential deployment of pebble-bed reactors in China and other places around the world, it is necessary to build up a tailored guideline of the radiation protection optimization for industrial pebble-bed reactors. HTR-PM, which is currently under construction, provides an opportunity for this purpose.
In this study, a framework of the radiation protection optimization is proposed for HTR-PM in the design stage. In this framework, the radiation source is analyzed and a routine is formed for the joint optimization of the system design and the radiation protection of HTR-PM. The application of this routine in the HTR-PM design provides optimized dose rates, radiation protection design, and work flow of each system. Based on this optimization, the annual collective dose of HTR-PM is estimated for every radioactivityrelated work and compared with the previous estimate before optimization. The presented framework may provide useful information and experiences for the optimization of radiation protection for future pebble-bed reactors.
Framework of the Radiation Protection Optimization in the HTR-PM Design
The radiation protection optimization is a comprehensive process that involves multiple aspects of the HTR-PM design. As shown in Figure 1 , the dose limit demanded by the regulatory guide is the global constraint of the optimization, while the radiation zoning serves as a local constraint for specific radiation protection tasks. The radiation source is the initial input for the first iteration of the optimization. As the iteration continues, the system design is gradually refined and the radiation source changes accordingly. At each iteration, the dose rates of the refined design and updated source term are computed and checked with the dose limit of the regulatory guide and the radiation zoning requirement. When the above two criteria are met, a series of radiation protection schemes are provided as candidates for the final design. These schemes are discussed with the designers of the involved systems and further optimized to practical issues such as the space layout of different equipment, the support of shielding structures, the accessibility of maintenance, and the cost. This iteration continues until an optimal solution that both the designers of systems and radiation protection agree on has been found.
Dose Limit of the Regulatory Guide and Radiation Zoning

Dose Limit of the Regulatory Guide.
According to the HAD102/12 regulatory guide in China [17] , the individual dose limit for a nuclear power plant is 20 mSv/a (five-year average) and the individual dose constraint is 15 mSv/a. To be compliant with this, the individual dose limit for HTR-PM is set to 15 mSv/a, and the collective dose limit is set to 0.5 man-Sv/a. These two limits are global constraints for the radiation protection optimization, because they affect all radioactivity-related systems in HTR-PM and affect all aspects of the radiation protection. They provide criteria for the overall evaluation of the whole radiation protection efficiency of HTR-PM.
Radiation Zoning.
Radiation zoning of HTR-PM is determined based on the possible distribution of radiation sources, the accessible requirement, and the operation and maintenance activities in certain areas. The classification of radiation zones for HTR-PM in power operation stage is presented in Table 1 . A controlled area is designated in which specific measures for protection and safety are or could be required for (a) controlling exposures or preventing the spread of contamination in normal operation and (b) preventing or limiting the likelihood and magnitude of exposures in anticipated operational occurrences and accident conditions. An area is designated as a supervised area, on condition that specific measures for protection and safety are not normally needed [18] . But occupational exposure conditions are still kept under review for a supervised area. The controlled area is further classified into four areas: the green, the yellow, the orange, and the red area. Each of these areas is physically separated from others by concrete walls. Since the radiation sources at some areas may change in the outage of HTR-PM, the radiation zoning of these areas is slightly different from that in plant operation. However, the classification criteria for outage are still the same ones listed in Table 1 .
Besides the radiation level, the surface contamination level is also taken into consideration. The corresponding classification is provided in Table 2 . Compared to the dose limit, the radiation zoning is more specific and operable for a single radiation protection task. Because HTR-PM uses an online refueling strategy, the irradiated spherical fuel elements keep cycling between the reactor pressure vessel (RPV) and the pipes of HTR-PM's fuel handling system which are outside the reactor cavity. Because the irradiated fuel elements carry fission products, they can temporarily increase local radiation level along their path. Thus, these mobile fuel elements are dynamic sources in a spatiotemporal transient state, which is a unique feature of HTR-PM.
Radiation Source
When the reactor is shut down, the fuel elements in RPV and the pipes of HTR-PM's fuel handling system will be discharged, except for a few shielded devices. Thus, for the reactor cavity and the rooms near the fuel transportation pipes, the radiation level will be significantly reduced so that these rooms can be accessible for maintenance.
Another carrier of fission products is the graphite dust that is mainly produced by the abrasion between fuel elements in the reactor core or between fuel elements and the fuel transportation pipes. Its radioactivity primarily results from a very limited leakage of fission products from defective/failed coated particles in the fuel elements. Among these fission products, the gaseous radionuclides can be removed by the helium purification system. The solid radionuclides may be adsorbed on the fuel element surfaces by the graphite matrix. HTR-PM uses a purge system to remove such graphite dust, which is collected in shielded containers.
Activation Product.
The activation products can come from the impurities in the structural material, helium coolant, and graphite matrix of fuel elements. For components in the reactor cavity, the activation level can be high due to the strong neutron flux. However, the radiation contributed by the activation products is still much lower than that of the reactor core during power operation. But in the maintenance stage, the reactor is shut down and the radiation from the reactor core drastically decreases. The rays from the activation products become the primary radiation sources for the maintenance work. 
Dose Calculation and Optimization Routine
Dose Calculation.
For the primary shielding, the 1D ANISN [19] and 2D DOT codes [20] are used to calculate the distribution of the neutron flux and rays. For various secondary shieldings, radiation sources can be a primary concern, which are calculated using KORIGEN code [21] , a Karlsruhe version of the Oak Ridge Lab's ORI-GEN [22] . Because of the moving feature of the fuel elements, there can be multiple radiation sources in a single radiation protection task. To deal with this spatiotemporal complexity, an in-house software tool that calculates the dynamic dose field for multiple radiation sources is developed, which uses multidimensional point kernel and buildup factor methods to estimate gamma transport in room scale. A 3D visualization module has been developed to better model complex structures and radiation source movement [16, 23] .
Optimization Routine.
Although the movement of fuel elements makes the radiation protection complex, it also brings the freedom of changing the spatiotemporal distribution of radiation sources through careful transport path design. To take advantage of this freedom, an iterative optimization routine (Figure 2 ) is formed and applied to all radioactivity-related systems in HTR-PM. During the iteration, the dose reduction scheme and the system design are jointly optimized to achieve the ALARA goal with consideration of the maintenance procedures, dose rates, and work durations. The iteration continues until both the dose constraint in Figure 1 and the ALARA principle is met. Typical examples using the routine in Figure 2 for optimization of radiation protection will be described in the next section.
Radiation Optimization in System Design
Reactor Cavity.
The activation of equipment inside the reactor cavity is a key concern of the radiation protection for the maintenance work after the reactor is shut down. Therefore, the cobalt impurities are required to be less than 0.02% in the design of HTR-PM, while the sample analysis result reveals that the actual percentage of the cobalt impurities is even lower. Because staff receive radiation from different equipment, a joint consideration of work flow and the radiation contribution from all related equipment is necessary for optimizing the radiation protection. Figure 3 (a) shows the dose reduction design for the maintenance work on top of RPV, which receives the radiation from the steel plates on the cavity cap and the cavity wall, the drivers of both control rods, and absorber balls, and the steel maintenance platform and the dose limit are 1 mSv/h for this maintenance. Before optimization, both the drivers of control rods and the steel plate on the cap contribute high dose rates to the position of interest (Figure 3(b) ). During the optimization process, several dose reduction methods have been compared. The first dose reduction method, in which the boron-containing polyethylene plate is installed for reducing neutron flux, works for all the radiation sources in Figure 3(a) . However, the dose rate of the drivers of control rods still exceeds the dose limit (Figure 3(c) ), and the installation requires additional support structures which may not be available. The second method is the cobalt impurity control. But it is so expensive that it is only affordable to implement the cobalt control on the drivers of control rods. Therefore, the cobalt control does not reduce the radiation from steel plate on the cap (Figure 3(c) ), of which the contributed dose rate exceeds the dose limit. In order to round this dilemma, the work flow of the maintenance is modified so that the cap together with the steel plate will be removed first before the maintenance work starts. This removes a critical radiation source in the maintenance and makes it only necessary to implement the cobalt control on the drivers of control rods, which saves a lot of expenses. As the final result, the collective dose rate is reduced to 0.49 mSv/h, with affordable cost (Figure 3(d) ).
Fuel
Handling System. Two features of the fuel handling system are the moving fuels and its large pipe loop for fuel transferring, which passes several rooms as shown in Figure 4 . For those rooms that require the access of staff, a thick concrete shielding wall is used to lower the radiation to an acceptable level (shaded block in Figure 4 ). In the related radiation protection design, the dynamic dose rate evaluation is performed to avoid inappropriate overestimation in traditional static evaluation, so that the radiation protection is optimized toward a good balance between costs and benefits. Figure 5 shows one typical example, in which the position of interest receives the radiation from three different fuel elements that are moving downwards in three nearby pipes, respectively ( Figure 5(a) ). The dynamic evaluation reveals that the instant dose rate varies considerably as the fuels move to different heights ( Figure 5(b) ). Given the dose limit (0.0075 mSv/h), the daily averaged dose rates are evaluated with both dynamic calculation and static calculation (which uses the peak values of the instant dose rates in Figure 5(b) ). As shown in Figure 5 (c), the static evaluation is so conservative that it suggests a 30% growth of the density of the concrete wall to meet the dose limit. This density growth will significantly increase the cost, weight, and requirement for supporting structures. In comparison, the dynamic method provides a more realistic dose rate estimate which proves that the dose rate can meet the dose limit with current concrete shielding and avoid the unnecessary cost.
Spent Fuel Storage
System. The spent fuel storage system transfers the spent fuel elements and graphite spheres for reactor starting from the different storage casks and stores these casks in silos underground. The spent fuel elements are highly radioactive, so the spent fuel storage casks are equipped with very thick shielding.
But the graphite spheres are only mildly radioactive and their number is much less than that of the spent fuel elements, which makes it inefficient to use the same shielding as the spent fuel cask. Therefore, both shielding and increasing distance strategies are utilized, in order to reduce the shielding thickness and the related cost ( Figure 6(a) ). Figure 6 (b) shows the calculated dose rate contour for different combination of the steel shielding thickness and the distance prohibited to access, together with the dose limit plane. The dose rate contour under the dose limit plane corresponds to the combinations that meet the requirement. Based on these combinations, the layout of equipment around the graphite sphere casks is adjusted accordingly, in order to achieve an optimal combination that reduces both the prohibited distance and shielding thickness. Figure 6 (c) compares the combination before and after optimization. The thickness of the shielding is reduced from 20 cm to 15 cm. The prohibited distance mildly increases from 30 cm to 130 cm. However, this increase has no substantial influences on the maintenance of different equipment, because no maintenance work is required within this distance.
When loading the spent fuel elements to the storage cask, both the cask and the moving fuels are radiation sources that can potentially threat staff. In this case, a joint design with consideration of multiple sources and shielding is necessary to achieve the optimal combination. Figure 7(a) shows an optimization example for the spent fuel storage system, which consists of two moving sources, one static source and two shielding structures. The aim of this calculation is to ensure that the dose rate under the concrete floor is within the requirement of the radiation zoning. Using the routine in Figure 2 , different combinations of these two shielding structures are calculated as the candidates for optimization. The dose contour under the plane of the dose limit in Figure 7 (b) shows all the available combinations that meet the given dose limit (0.03 mSv/h). With consideration of other aspects, such as maintenance requirements and support structures, a final optimized result is selected from the available choices shown in Figure 7 (b). Compared to traditional separate design before optimization, the combination after optimization reduces the thickness of concrete and the shielding for the pipe by 62.5% and 45.0%, respectively (Figure 7(c) ).
Other Strategies for Radiation Optimization
Layout Aspect.
Compartments of different radiation zonings are physically separated by shielding or concrete walls. The access to these rooms is provided by independent corridors, in which the maximum dose rate is lower than 0.0075 mSv/h. Nonradioactive equipment is physically separated from radioactive equipment, so as to avoid radiation damage and unnecessary occupational exposure in nonradioactive work. And the ventilation system ensures that the air only flows from the nonradioactive area to the radioactive area. Radioactive equipment is usually concentrated in a single room, in order to make the best of the shielding walls.
Radiation Source Reduction.
The fresh fuel elements of HTR-PM are vacuumized to remove N-14 before being charged into the reactor core, so that the corresponding activation product C-14 is reduced. The helium purification system of HTR-PM removes the radionuclides and other contaminations in the primary coolant. The metal and iodine in the coolant are filtered by the dust filter. H-3 and C-14 are oxidized into tritium water and 14 CO 2 , respectively, which are retained by the molecular sieve. Gaseous contaminations are absorbed by the activated carbon. Figure 6 : (a) Sketch of the graphite sphere cask; (b) the dose limit plane (0.03 mSv/h) and the dose rate contour of the graphite sphere storage cask with respect to distance and the thickness of shielding; (c) the dose rate and prohibited distance before and after optimization.
Radiation Tolerance.
The tolerance of radiation damage is another important concern with respect to the reliability of components. By calculating the cumulative dose, the radiation damage is evaluated with different shielding designs and spatial arrangements. The design that best matches the IAEA-provided thresholds for radiation damage to materials [24] and ALARA principle is chosen.
Annual Collective Dose Estimate Optimization
With the optimization of radiation protection, a refined annual collective dose is estimated and compared with the previous rough estimate before optimization for each system.
Fuel Handling System.
The primary maintenance work of the fuel handling system takes place in several rooms, most of which is done in the fuel handling system room and the buffer pipeline room. Before optimization, no maintenance details were considered for the fuel handling system room. Consequently, there were only very rough estimates, for which the total annual work duration was 140 man-hours and the average dose rate was 0.03 mSv/h. During optimization, the maintenance work is broken down into very specific tasks such as the repair of the fuel discharging equipment, the replacement of its motor, and the ultrasonic measurement of the thickness of pipe elbows. And the intervals between two maintenances have also been established for these tasks, which are two years for most tasks and four years for others. The establishment of these maintenance cycles provides a more realistic estimate of the work duration (total 29 man-hours), which is much less than the previous estimate. The dose rates are also replaced with spatially varying calculation results, for which the maximum exceeds 1 mSv/h and the minimum is 0.0046 mSv/h (Figure 8(a) , work positions 1 and 6). For the buffer pipeline room, the annual work duration and the average dose rate were estimated to be 70 manhours and 0.03 mSv/h, respectively, before optimization, in the absence of detailed maintenance information. During optimization, the analysis of work contents reveals that the maintenance intervals of the equipment in this room can be quite long, which are two, four, six, or even ten years. This significantly reduces the annual average work durations, for tasks like the inspection of magnetic buffer components, the ultrasonic measurement of the thickness of pipe elbows, the repair of the fuel charging equipment, the replacement of the server system, and so on. As a result, the optimized total annual work duration is 28 man-hours. The dose rates at most maintenance work positions are generally below 0.001 mSv/h (Figure 8(b) ), because most radioactive fuel elements in this room are removed in advance and the only remaining radiation source (i.e., the container of graphite dust which is far away from work positions) is well-shielded. However, for the ultrasonic thickness measurement and the inspection of magnetic buffer components, the work positions are difficult to identify and the dose rates are unable to be calculated consequently. Thus, the dose rates of these two tasks are set to the maximal dose rate (0.03 mSv/h) allowed by the radiation zone for this room (Figure 8(b) , work positions 7 and 8), which is a conservative estimate. In a real case, the dose rates for these two tasks may be lower than the estimate. Figure 8 (c) summarizes the dose rates and work durations in different rooms of the fuel handling system before and after optimization, respectively. The work duration in the fuel handling system room is reduced after the refined estimation, while the corresponding average dose rate is increased after optimization. For the buffer pipeline room, both the work duration and the average dose rate are reduced after optimization. For the other four rooms, the ultrasonic thickness measurements every two years are the major radioactive tasks, for which the dose rates are 0.03 mSv/h or 0.0075 mSv/h according to the upper limits of the corresponding radiation zones. Although this estimation is a little conservative, it can handle the uncertainties in the identification of work positions and corresponding dose rates well.
Control Rod System, Air
Circulator, and Hoist. Before optimization, the annual maintenance work duration and dose rate related to the control rod system were 4 man-hours and 3 mSv/h, respectively. According to the experience in HTR-10, the maintenance work mainly involves the disassembly and replacement of the electrical penetrations, the drivers, and different equipment of the control rod system, which are implemented every 10 years. Based on this maintenance cycle, the annually average work duration for the control rod system is estimated to be 4.8 man-hours ( Figure 9 ). And the dose rate at the work position is 0.49 mSv/h, after the work flow optimization in Figure 3 . As for the air circulator and hoist, their maintenances do not involve radioactivity. But in order to be appropriately conservative, the dose rates are set to the upper limit (0.03 mSv/h) of the reactor maintenance hall, where the maintenance work takes place. Before optimization, the annual work duration of the air circulator was conservatively estimated as 56 man-hours with no consideration of the detailed work contents. During optimization, the maintenance work of the air circulator is specified as the inspection and cleaning which are conducted every two years. Based on the maintenance schedule, the final annual work duration is 28 man-hours (Figure 9 ).
RPV, Steam Generator (SG)
, and Helium Circulator. The maintenance work of these three components contributes the majority of the annual collective dose estimate, of which the dose rates and annual work durations are summarized in Table 3 . For RPV and SG, the annual work durations and dose rates are estimated according to the experiences of similar maintenance work on other advanced reactors in China. For the helium circulator, the experiences of the maintenance work on HTR-10 [25] are referred to estimate the annual work duration and dose rate.
For RPV, four representative positions are chosen for the collective dose estimation, including the top head and bottom head of RPV (work positions 1 and 4) and the positions above and below the hot gas duct (work positions 2 and 3). The dose rates at these positions are all above 1 mSv/h, which are considerably high. Therefore, the robotic and remote flaw detection equipment is widely used to reduce the work duration and occupational dose. The optimized work durations at these four positions are 15, 15, 30, and 10 man-hours. The corresponding collective dose is estimated to be 199.05 man-Sv/a. However, this estimate does not take the effect of personal radiation protection into consideration. Therefore, it can be viewed as the upper limit of the collective dose.
For SG, its dose rates show variations between chosen representative positions, from lower than 0.001 mSv/h to almost 1 mSv/h ( Table 3 ). The helium leakage detection and pressure test every two years are identified as the primary maintenance work and the total estimated work duration is 200 man-hours. Because of the uncertainties of work positions, the total estimated work duration is divided equally into four parts for the four representative positions. The resultant collective dose estimate is lower than 1/3 of that of RPV.
With respect to the helium circulator, the maintenance work involves the inspection and repair of the internal components every five years and the replacement of vulnerable parts of the helium circulator and its electrical penetrations every ten years. The representative dose rates near the helium circulator are lower than RPV but higher than SG (Table 3 ). The corresponding work durations are estimated based on recent experiences on the helium circulator of HTR-10 [25] . Because the interval between two maintenances of the helium circulator is much longer than RPV and SG, the corresponding annual work duration and the collective dose are lower than those of RPV and SG.
Spent Fuel Storage
System. The maintenance work of the spent fuel storage system involves 12 rooms. In the maintenance stage, the fuels in these rooms are removed so that the dose rates are quite low. However, the maintenance work can take place at any corner of any room, which makes it difficult to choose representative work positions. In order to deal with the uncertainties, the upper limits of radiation zones for these rooms are used as the representative dose rates ( Figure 10) . Meanwhile, the investigation of work contents shows that the major tasks in the ventilation equipment room mainly involve the inspection of the bearing lubrication every two years and the replacement of the bearings and electrical components every ten years ( Figure 10 , room 9). These long maintenance cycles reduce the annual work duration from 160 man-hours to 40 man-hours. For the electrical equipment room, the robotic and remote detection techniques are intensively used to replace the manual inspection on site, which greatly reduces the work duration in the radioactive environment by 71.3% ( Figure 10 , room 10). For rooms 5 and 7, the work durations slightly increase. After optimization, the annual average collective dose for the whole spent fuel storage system decreases by 4.41 man-mSv/a, compared to that before optimization.
Helium Purification System.
For the helium purification system, the maintenance work details were not specified before optimization. Therefore, the dose rate was set to the upper limit of the radiation zone which is 3 mSv/h and the annual work duration was 36 man-hours for conservative considerations. During optimization, the major work that involves radioactivity is identified as the maintenance of the compressors, valves, and instruments every two years. For them, the upper limit of the radiation zone is used as the representative dose rate and the work duration is estimated to be 2.5 man-hours. Another task that might need radiation protection is the replacement of the dust filter every twenty years. For this task, the refined dose rate estimate is 0.54 mSv/h and the annual work duration is estimated to be 1 man-hour after optimization.
Liquid/Solid
Waste Disposal System and Ventilation System. These three systems only involve very limited radioactivity, for which the work durations remain much the same as those before optimization. But the dose rate calculation is further refined for better estimation of collective dose rates. For the liquid waste disposal system, the dose rates of the maintenance work were all set to the upper limits of the corresponding radiation zones before optimization. To get optimized estimates, the dose rate calculation is improved with the developed software. For example, the dose rate at the work position near the evaporator is estimated to be 0.0035 mSv/h after optimization ( Figure 11 , position 1 of the liquid waste disposal system), when the evaporator is fully loaded with liquid waste. If the radioactive liquid in the evaporator is removed before maintenance, the dose rate can be even lower than the above estimate. Dose rates near the liquid waste storage cask and evaporator equipment are estimated to be 0.0055 mSv/h and 0.0056 mSv/h, respectively, after optimization ( Figure 11 , positions 2 and 3 of the liquid waste disposal system). The work durations are estimated to be equal at all these three positions, which are the same as those before optimization.
For the solid waste disposal system, the dose rates at primary work positions are 0.021 and 0.025 mSv/h, respectively, after refined dose estimation, which are more realistic than previous estimates before optimization.
As for the ventilation system, the radiation zone is changed from the green zone in the previous design to the yellow zone in the current design. Therefore, the dose rate estimate which is the upper limit of the radiation zone increases from 0.0075 mSv/h to 0.03 mSv/h. Besides, the work duration estimate is slightly increased to 8 man-hours with the consideration of the additional preparation stages.
7.7.
Absorber Ball System. The absorber ball system was not analyzed in the previous estimate. According to the experiences on HTR-10, the maintenance work of the absorber ball system also involves radioactivity. The primary radioactive maintenance work of this system is the replacement of its drivers and other components. For the replacement of the drivers, the dose rate is 0.217 mSv/h and the work duration is 9.6 man-hours ( Figure 12, work position 1) . For the maintenance work of other components, the dose rate is 0.0075 mSv/h and the work duration is estimated to be 3.6 man-hours ( Figure 12 , work position 2).
Total Annual Collective Dose.
The optimized annual collective dose estimates for primary systems are compared with the estimates before optimization in Figure 13 . The total annual collective dose after optimization is 0.445 man-Sv/a, which is reduced by 9.18% from the previous 0.490 man-Sv/a before optimization. The annual collective dose of the helium purification system shows the most significant decrease after optimization, due to the refined dose rates and more realistic work duration estimates than those before optimization. For the control rod system, its annual collective dose is reduced by 9.65 man-mSv/a (80.4%), as a result of the optimized work flow and radiation protection practices. There are also decreases of the annual collective dose for the air circulator, spent fuel storage system, and liquid/solid waste disposal system. It is noticeable that the annual collective doses may not always decrease for every system, because the optimization aims at the ALARA principle, instead of a sole decrease of the dose. For example, the annual collective dose of the fuel handling system increases by 54.5% after optimization, because of a more detailed investigation on the work flow. The collective dose of the ventilation system also increases, because the radiation zoning is adjusted for its room. And the absorber ball system which is neglected in the previous estimate is also added to the analysis. This demonstrates that the presented framework not only optimizes the quantities such as dose rate and work duration but also completes the radiation protection design.
Conclusion
The optimization of radiation protection in the HTR-PM's design stage is reviewed and presented as a systematic framework in this study. A routine that jointly optimizes system design and radiation protection is proposed and presented with typical calculations of optimization tasks for the radioactivity-related systems, including the control rod and absorber ball system in the reactor cavity, fuel handling system, and spent fuel storage system. The optimization using this routine quantitatively achieves the reduction of either the dose rate or the shielding or both for these systems by about 23.3%∼90.6%. Based on the refined dose rate estimation and work flow, the annual collective doses of different systems are optimized and compared against the previous estimates. The comparison reveals that the annual collective dose of HTR-PM is reduced from 0.490 man-Sv/a before optimization to 0.445 man-Sv/a after optimization, which complies with the requirements of the Chinese regulatory guide. 
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